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The coupling of aromatic diazo compounds with compounds containing a reactive methylene group to form 'mixed' azo compounds (tautomeric with hydrazones) was recognized as a general reaction following Meyer's (1877) synthesis of phenylazoacetoacetic ester from benzenediazohydroxide and ethyl acetoacetate. Japp & Klingemann (1888) found that when equimolar amounts of acetoacetic acid and benzenediazohydroxide were coupled in acetate buffer, CO2 was eliminated and methylglyoxal w-phenylhydrazone was formed (eqn. 1, R = CII,H). Bamberger (1892) showed that, with excess benzenediazohydroxide in the presence of dilute alkali, a second or even a third diazo molecule coupled with acetoacetic acid, forming respectively N, N'-diphenyl-C-acetylformazan and phenylazo-(N, N'-diphenylformazan) ( A similar series of reactions between acetoacetic acid and p-nitrobenzenediazohydroxide has not been described. Rosenthal (1949) introduced a method for the estimation of acetoacetate in blood filtrates in which the products formed by coupling acetoacetate with diazotized p-nitroaniline were extracted into an immiscible solvent and estimated colorimetrically. The coupling reaction was carried out at an alkaline pH (unspecified) and the reaction products were not identified but were shown probably to be multiple.
In the present paper, conditions are defined under which even very small amounts of acetoacetate couple quantitatively with an excess of p-nitrobenzenediazohydroxide according to eqn. 2 above . This reaction has been made the basis of a sensitive and specific method for the estimation of acetoacetate. The method has been applied to the estimation of acetoacetate formed by the oxidation of fi-hydroxybutyrate by liver preparations and to its estimation in blood. 
Method
To 0-5 ml. of a neutral solution of acetoacetate in a glassstoppered 10 ml. tube were added 0-5 ml. M sodium acetateacetic acid buffer, pH 5-2, and 3-0 ml. freshly prepared diazo reagent. The final pH was 4-9-5-0. After standing for 30 min. at room temperature (about 22°) for colour development, the reaction was stopped by adding 1-0 ml. 5N-HCI and the product extracted by shaking with 4-0 ml. ethyl acetate (A.R.). For the reagent blank, water was used in place of acetoacetate solution.
The density of the ethyl acetate layer was read at 440 md. in a 1 cm. cell (Unicam SP. 600 spectrophotometer). This wavelength was selected on the basis of preliminary experiments and was used throughout the present work. From the absorption spectrum of the reaction product (Fig. 2) pH for colour development was maintained at 4-9-5-0. With solutions containing, for example, 3 % (w/v) trichloroacetic acid, 0-5 ml. M sodium acetate added in place of acetate buffer gave the required pH.
I8olation and identification of the product of the coupling reaction The product formed on coupling acetoacetate with diazotized p-nitroaniline under the conditions described above was insoluble. With small amounts of acetoacetate the reaction mixture became cloudy, with larger amounts a flocculent precipitate formed. In a large-scale experiment this precipitate was isolated, purified and shown to be N, N'-bi8-(p-nitrophenyl)-C-acetylformazan. The coupling reaction therefore follows the course described by eqn. 2 (R =p-NO2C6H4).
To 300 ml. of a neutral solution of acetoacetate (0-2 mg./ ml.) were added 300 ml. M sodium acetate, pH 5-2, and 1800 ml. diazo reagent (molar ratio of p-nitroaniline to acetoacetate =7:1). After stirring for 20 min. at room temperature the flocculent precipitate which formed was filtered off and dried in vacuo (wt. 203 mg., 97 % of theoretical yield). It was recrystallized twice from ethanol in the form of small dark red-brown plates and dried at 500 in vacuo. The compound was insoluble in water, moderately soluble in acetone and very soluble in ethyl acetate and 0-7 -0-6 -0.5 -~~~~. N, 23.6%.) N, N'-bis-(p-nitrophenyl)-C-acetylformazan has not been hitherto described but it is very similar in its properties and colour reactions to N-phenyl-N'-p-nitrophenyl-C-acetylformazan (Bamberger & Lorenzen, 1892) . Fig. 2 shows the absorption spectra of the purified formazan and of the reaction product obtained by coupling acetoacetate and diazotized p-nitroaniline under the conditions employed in the assay. Equivalent amounts of formazan and acetoacetate (calculated from eqn. 2) were used and the agreement between the two curves (1-2% at 450 m,u.) shows that the reaction described by eqn. 2 takes place quantitatively.
Further evidence in favour of the course described by eqn. 2 was obtained from experiments in which CO2 evolved in the course of the coupling reaction was measured manometrically ( Table 1 ). The molar ratio of CO2 evolved to acetoacetate found by colorimetric assay was close to 1, except in the case of the largest amount of acetoacetate tested (200jug.), where CO2 formation was close to the theoretical but colour development was incomplete.
Under altered reaction conditions the coupling reaction were not investigated.
Varying reaction conditions
The conditions for the coupling reaction were selected on the basis of the following experiments in which the various factors concerned were studied independently. Fig. 3 shows the time course of colour development with different amounts of acetoacetate under the standard conditions defined above. The curves show that the increase in optical density obtained with acetoacetate rose to a Table 1 . Formation of carbon dioxide on coupling acetoacetate with diazotized p-nitroaniline Diazo reagent (3.0 ml.) in the main compartment of the Warburg vessels and 1-0 ml. of a standard solution of acetoacetate in 0-5M acetate buffer, pH 5-0, in the side arm were mixed after equilibration (20 min.; 200). Gas evolution was measured over a 30 min. period at the end of which 1-0 ml. 5N-HCI was added to the cups. The reaction product was extracted into ethyl acetate for colorimetric estimation. Corrections for the formation of nitrogen and colour by decomposition of the diazo reagent were obtained from control vessels containing no acetoacetate. Results are expressed in umoles. 
Specificity of the reaction
Under standard conditions the following compounds in amounts of 100 jug. neither gave any significant amount of colour with the diazo reagent nor did they interfere with the reaction for acetoacetate: acetone, ethanol, glucose, soluble barbitone, 2:4-dinitrophenol, (+)-B-hydroxybutyric acid, a-oxoglutaric-acid, pyruvic acid and dehydroascorbic acid.
In Table 3 are listed compounds of which 100lug. gave density readings exceeding that of the reagent blank by more than 0-010. Of these compounds, only ascorbic acid interfered with the colour given by acetoacetate simultaneously present. This interference was probably due to reduction of N, N'-bis-(p-nitrophenyl)-C-acetylformazan, which was found to be slowly decolorized on shaking with a solution of ascorbic acid in acetate buffer, pH 5 0. Interference by ascorbic acid in the estimation of acetoacetate was overcome by preliminary oxidation of the ascorbic acid. (Krebs, 1942) and of the instability of the reaction product formed on diazotization. The following technique was adopted: 0-5 ml. of the acetoacetate-oxaloacetate solution was shaken for 20 min. at 350 with 0 5 ml. OLOM cobaltous acetate in m acetate buffer (final pH 5.2). Acetoacetate was then estimated in the usual way except that the tubes were allowed to stand for 1 hr. at room temperature between the stages ofacidification with HCI and extraction with ethyl acetate. The small amount of colour due to traces of oxaloacetate which escaped decarboxylation was destroyed without reducing the colour due to acetoacetate. ,B-Keto acids, other than acetoacetic and oxaloacetic, were not tested but would be expected to react forming other C-substituted formazans.
A method of correcting for the small amount of colour given by unknown amounts of phenolic and amino compounds when present along with acetoacetate is described in the next section.
Estimation of acetoacetate in tisue preparations
When this method was applied to the estimation of acetoacetate in trichloroacetic extracts of tissues it was found that more colour was obtained in assays done on such extracts than from the corresponding reagent blank containing trichloroacetic acid alone. Part of this increase in colour was due not to acetoacetate but to other material (probably phenolic and amino compounds) in the extract, since readings slightly higher than the reagent blank were still obtained using extracts which had been heated on the boiling-water bath for 5 min. This treatment destroyed acetoacetate completely, whereas the material responsible for the residual increase in colour remained unchanged even after heating for 15 min. Acetoacetate levels in tissue extracts were therefore estimated by difference from the readings obtained using fresh and heated extracts.
Liver preparations. At the end of the incubation period, the liver preparations described above were chilled and protein was precipitated by the addition of 0 5 ml. trichloroacetic acid (25%, w/v). After centrifuging at 0-5°, acetoacetate in the supernatant (3%, w/v, with respect to trichloroacetic acid) was estimated by adding 0-5 ml. of m sodium acetate and 3 0 ml. of diazo reagent to 0 5 ml. of the supernatant. For the blank, supernatant was heated for 5 min. on a boiling-water bath and cooled before making these additions. The subsequent procedure was that already described. Supernatants containing more than 100lAg. acetoacetate/ml. were diluted with 3 % (w/v) trichloroacetic acid before use.
I954
702 Table 4 shows that no acetoacetate was detectable in a suspension of washed mitochondria from rat liver nor was any formed by such a preparation on incubation in the presence of cofactors but without added substrate. It was found in these experiments that the blank colour given by liver preparations remained unchanged on incubation at 200. A change in the amount of acetoacetate in such a preparation was therefore measured by difference from the initial reading given by the unincubated preparation. The method was capable of detecting acetoacetate in amounts as low as 0-02 itmole/flask. The recovery of varying amounts of acetoacetate added to the preparation was good and in agreement with the findings of Lehninger (1949) , added acetoacetate was metabolically inert. The low recovery (92 %) of acetoacetate after 60 min. incubation was duplicated in a control flask containing tissue suspension inactivated by warming for 60 min. at 60°and was probably (4) due to spontaneous decomposition (cf. Krebs & Eggleston, 1945) . Table 4 also shows that acetoacetate was formed by the oxidation of ,-hydroxybutyrate at a rate which was initially constant but which gradually declined on prolonging the incubation.
The experiment described in Table 5 demonstrated the equivalence of acetoacetate assays done by the present method and the manometric method of Edson (1935) . This experiment also showed that the ratio jug. atoms 02 utilized to ,umoles acetoacetate formed was close to 1 (cf. Lehninger & Smith, 1949) . In the absence of fi-hydroxybutyrate, no acetoacetate was formed and the oxygen uptake was about 7 % of the uptake observed in the presence of substrate.
Blood. Protein was precipitated by adding 1 ml. blood to 4 ml. -cold 6-25% (w/v) trichloroacetic acid. After centrifuging, the supernatant was decanted and filtered to clear if necessary. The procedure for estimation of acetoacetate in the supernatant (5%, w/v, with respect to trichloroacetic acid) was the same as that used for extracts of liver except that 1-4M instead of M sodium acetate was used to bring the final pH to 5-0 for the coupling reaction. Emulsions which sometimes formed during the final extraction with ethyl acetate were broken by a short centrifuging. Table 6 shows the levels of acetoacetate found in normal human and rat whole blood. The figures agree with normal values obtained by other methods (Stark & Somogyi, 1943; Rosenthal, 1949; El Hawary & Thompson, 1953) . There was good recovery of acetoacetate added to the samples of human blood. The high levels found in diabetics with ketonuria fell in each case to <0.5 mg./100 ml. within 5 days of commencing treatment. The rapid onset of ketonaemia in fasting rats (MacKay, Carne, Wick & Visscher, 1941; Rosenthal, 1949 ) was confirmed.
It should be noted that the amount of acetoacetate in a trichloroacetic acidextract of normal blood is near the lower limit which can be estimated. As here described, the method is better suited to the estimation of significantly raised values than to the detection of variations within the normal range.
DISCUSSION
Although similar in principle, the method described here has the following advantages over that of Rosenthal (1949) :
(1) The conditions employed result in the reproducible and quantitative conversion of acetoacetate into a single known compound which is I954 completely extracted from the reaction mixture and directly assayed.
(2) The method can be applied to the estimation of acetoacetate in tissue extracts as well as in blood filtrates.
(3) There is no interference by pyruvic acid. Other methods available for estimating small amounts of acetoacetate are based on its quantitative decomposition to acetone and CO2. The present method compares well in its simplicity, specificity and sensitivity with the micromethods of Greenberg & Lester (1944) and of Stadtman, Doudoroff & Lipmann (1951) . SUMMARY 1. A colorimetric method for the estimation of acetoacetate in amounts of 1-10 ,ug. is described.
2. The method depends on a reaction between acetoacetate and diazotized p-nitroaniline to form N,N'-bis-(p-nitrophenyl)-C-acetylformazan. Under the conditions employed the reaction takes place reproducibly and quantitatively.
3. The method has been applied to the study of acetoacetate formation by suspensions of rat liver and to the measurement of acetoacetate levels in blood.
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